Sister-chromatid exchange (SCE) and chromosome aberrations (CA) in bone marrow cells were analyzed after in vivo exposure in mice to 4 aliphatic epoxides, namely 1-naphthyl glycidyl ether (NGE), 1-naphthyl propylene oxide (NPO), 4-nitrophenyl glycidyl ether (NPGE) and trichloropropylene oxide (TCPO). These compounds were selected as being among the most mutagenic aliphatic epoxides in our previous structure-mutagenicity studies with the Ames test. There were significant dose-related increases in SCE and CA results for all 4 epoxides. The order of genotoxicity as established through SCE was NGE > NPO > NPGE-= TCPO > solvent control. It is of interest that Ames Salmonella results are consistent with in vivo genotoxicity for these compounds. However, only the plate test version of the Ames procedure is consistent with this order of in vivo genotoxicity and neither preincubation Ames testing results nor chemical alkylation rates would have predicted this order.
Summary
Sister-chromatid exchange (SCE) and chromosome aberrations (CA) in bone marrow cells were analyzed after in vivo exposure in mice to 4 aliphatic epoxides, namely 1-naphthyl glycidyl ether (NGE), 1-naphthyl propylene oxide (NPO), 4-nitrophenyl glycidyl ether (NPGE) and trichloropropylene oxide (TCPO). These compounds were selected as being among the most mutagenic aliphatic epoxides in our previous structure-mutagenicity studies with the Ames test. There were significant dose-related increases in SCE and CA results for all 4 epoxides. The order of genotoxicity as established through SCE was NGE > NPO > NPGE-= TCPO > solvent control. It is of interest that Ames Salmonella results are consistent with in vivo genotoxicity for these compounds. However, only the plate test version of the Ames procedure is consistent with this order of in vivo genotoxicity and neither preincubation Ames testing results nor chemical alkylation rates would have predicted this order.
Aliphatic epoxides are widely used industrial intermediates as well as laboratory reagents and can be produced as metabolic intermediates. Because of the established role of epoxides as arene oxides in the carcinogenicity of polycyclic aromatic hydrocarbons, questions have been raised concerning the genotoxicity of epoxides in general (Manson, 1980; Ehrenberg and Hussain, 1981) . We have been interested in structure-mutagenicity relationships for aliphatic epoxides (Wade et al., 1978; Frantz and Sinsheimer, 1981; Neau et al., 1982; Frantz et al., 1985; Djuric et al., 1986;  Correspondence: Dr. J.E. Sinsheimer, College of Pharmacy, University of Michigan, Ann Arbor, MI 48109-1065 (U.S.A.). Rosman et al., 1986 Rosman et al., , 1987 Rosman et al., , 1988 . In agreement with Manson (1980) , Ehrenberg and Hussain (1981) and Hopkins (1984) we recognize the need to extend the base of in vitro studies to in vivo genotoxicity testing. We have selected sister-chromatid exchange (SCE) and chromosome aberrations (CA) testing as a logical starting point for an in vivo short-term evaluation of the genotoxicity of aliphatic epoxides. To date there have only been limited reports of SCE, CA and related in vivo testing of such compounds. Various investigators (Yager et al., 1983; Hogstedt et al., 1983; Sarto et al., 1983; Stolley et al., 1984; have established statistically significant increases in SCE and/or CA rates for peripheral blood lymphocytes of workers exposed to ethylene oxide as compared to the lymphocytes from control groups. Hogstedt et al. (1983) also found increased levels of micronuclei in the bone marrow cells of exposed workers. Under laboratorycontrolled conditions, Kligerman et al. (1983) were able to establish a concentration-dependent increase in SCE for the lymphocytes of rats exposed to ethylene oxide. The genotoxicity of propylene oxide has been examined in mice where an increase in the number of micronucleated erythrocytes was observed following i.p. administration (Bootman et al., 1979) . Styrene oxide has also been studied in mice (Fabry et al., 1978; Loprieno et al., 1978) and Chinese hamsters (Norppa et al., 1979) with only the study by Loprieno et al. establishing positive in vivo genotoxicity. Recently, Sharief et al. (1986) found butadiene monoxide to be an effective inducer of SCE and CA in bone marrow cells of mice following i.p. injection. Walk et al. (1987) found diepoxybutane to increase CA and SCE rates in both mice and Chinese hamsters following either i.p. injection or exposure by inhalation.
It is the purpose of this paper to study SCE and CA in vivo genotoxic effects in bone marrow cells of mice for 4 of the most mutagenic aliphatic epoxides we have tested to date with Salmonella and to compare the in vivo and in vitro results. The compounds to be studied are 1-naphthyl glycidyl ether (Rosman et al., 1988) , 1-naphthyl propylene oxide (Rosman et al., 1987) , 4-nitrophenyl glycidyl ether (Neau et al., 1982 ) and 3,3,3-trichloropropylene oxide (Djuric et al., 1986) .
Materials and methods

Animals
Male CD1 mice 10-12 weeks old, weighing 30 g, were purchased from Charles River Breeding Laboratories (Wilmington, MA). They were kept 5 per cage with wood chip bedding, were fed chow (Purina) and water ad libitum and were housed 4-5 days prior to the start of the experiment.
Chemicals
5-Bromodeoxyuridine (BrdU) tablets (50 mg each) were purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN). Colchicine and 7, anthracene (DMBA) were purchased from Sigma Chemical Co. (St. Louis, MO) while dimethyl sulfoxide (DMSO), 3,3,3-trichloropropylene oxide (TCPO) and 4-(4-nitrobenzyl)pyridine were obtained from Aldrich Chemical Co. (Milwaukee, WI). 4-Nitrophenyl glycidyl ether (NPGE) was obtained from Eastman (Rochester, NY) and purified by repeated recrystallization from ethanol. 1-Naphthyl glycidyl ether (NGE) and 1-naphthyl propylene oxide (NPO) were prepared in this laboratory as previously described (Rosman et al., 1987 (Rosman et al., , 1988 .
In vivo sister-chromatid exchange assay
Paraffin-coated BrdU tablets (50 mg) following the methodology of McFee et al. (1983) and Sharief et al. (1986) were used for in vivo SCE studies and cell replication kinetics analyses. Approximately 80% of the surface of the tablets was coated with embedding paraffin and implanted subcutaneously on the flank of mice under ether anesthesia. The test chemical was administered as a single i.p. injection 30 min after tablet implantation. 5 doses per test chemical (Table 1) in 75/~1 of DMSO were used as determined from preliminary range-finding experiments. The maximal dose used in our comparison of genotoxicity was 200 mg/kg which was set by the acute toxicity of the least genotoxic compound, TCPO. 5 animals were used for each concentration. Negative control mice were injected with 75 #1 of DMSO while DMBA was used as a positive control at a dose of 50 mg/kg body weight. For SCE analyses, colchicine (4 mg/kg) was injected (i.p.) 22 h after the BrdU tablet implantation. 2 h later, bone marrow was expelled with 0.075 M KC1. After hypotonic treatment (0.075 M KC1) for 20 min, cells were fixed 3 times with methanol-acetic acid (3 : 1). The slides were prepared and chromosomes were differentially stained (fluorescence-plus-Giemsa technique) in accordance with standard cytogenetic methods (Perry and Wolff, 1974; Latt et al., 1981; Giri et al., 1986 Giri et al., , 1987 . All the slides were coded and observed by a single observer. 30, second division cells, (40 _+ 2 chromosomes)-per animal were scored for SCE frequencies, i.e. a total of 150 cells were scored per concentration tested. Randomly selected metaphase cells (200/animal) were scored for cell replication kinetic analyses by their staining patterns as first (Ma), second (M2) and third (M3) division metaphases. The replicative indices (RI) were calculated as follows: RI = (1M 1 + 2M 2 + 3M3)/200 (Krishna et al., 1985) .
Chromosome aberration assay
For CA analyses 4 concentrations (Table 2) of the above 4 chemicals were injected (i.p.) following the protocol of Preston et al. (1987) . As preliminary studies with TCPO, the compound with the shortest half-life, indicated no difference for the shorter fixation times suggested in that protocol, the 24-h time was used for our comparison to the SCE results. After 22 h the animals were injected (i.p.) with colchicine (2 mg/kg). Then, after 2 h animals were sacrificed by cervical dislocation and bone marrow chromosomes were prepared as described above and slides were stained with Giemsa (1:20 dilution). Negative control mice were injected with DMSO (75 /~l/mouse), while positive control animals received 100 mg/kg of DMBA in 75 /xl DMSO. All the slides were coded and observed by a single observer. 100 well-spread metaphase cells were scored per animal from each of 5 animals at each concentration tested. Mitotic indices (MI) were calculated from 1000 cells/animal and expressed as percentages. CA were scored following the method of WHO (1985) and Preston et al. (1987) . The aberration frequencies per cell for chromatid and chromosome types were calculated. Gaps were recorded (Table 2) but not included in the frequency of aberrations per cell.
Mutagenicity test
Single-dose comparisons for all 4 epoxides were made at 0.25 /~mole/plate with Salmonella strain TA100 without $9 activation (where n = 6). These comparisons for either the plate incorporation or preincubation method of Maron and Ames (1983) were made on the same day using bacteria from the same overnight culture.
Statistical analysis
Dunnett's control group comparison test (1-sided) was used for all chemicals, except TCPO, to compare SCE, CA and MI results with those for the negative control animals, while the 2-sided test was used for the RI comparisons. Because of unequal sample sizes due to animal death in the TCPO series, Tukey's test was used to make these 255 comparisons of test results with their respective negative controls (Dunnett, 1980) . The trend test method of Margolin et al. (1986) , based upon the square root of the dose as the independent variable, was applied to the SCE and CA data with modification of Eqn. 7 to facilitate the computation of standard errors and comparisons between chemicals.
Results and discussions
SCE frequencies and RI for mice exposed to 4 aliphatic epoxides are shown in Table 1 . The non-polar nature of our compounds required the use of DMSO as the solvent for their i.p. administration and as suggested by Preston et al. (1987) , DMBA was used as a non-polar positive control. A significant increase in the SCE frequency (p < 0.05) was observed for NPO at all the concentrations tested when compared with the solvent control. NGE and NPGE showed significant increases in SCE except for the lowest concentration when compared with control. With TCPO, the only significant increase in SCE was observed in the 100-mg/kg-treated group. No significant differences were observed in cell replication kinetics with any of the epoxides tested when compared with the control. In the case of TCPO, the 200-mg/kg dose killed 2 of the 5 animals in this exposure group. The positive control chemical (DMBA) gave a high frequency of SCE (14.25/ce11) which is in agreement with that reported in mice by Tice et al. (1987) , but where DMBA was injected 1 h after BrdU tablet implantation. Table 2 shows the CA and mitotic indices in mice exposed to the 4 epoxides. Aberrations per cell for chromatid and chromosome types are presented (Preston et al., 1987) and percentages of aberrant cells are used for statistical calculations (Sharief et al., 1986) . NGE and NPO showed a significant increase in the percentage of CA at all 4 concentrations tested compared to the negative control. NPGE also showed significant increases at the higher 3 concentrations and TCPO showed significant increases of CA only at the higher 2 concentrations. There was a decrease in MI at the higher doses for the 4 epoxides indicating toxicity to bone marrow cells at these higher concentrations. In confirmation of the SCE study, TCPO was toxic at 200 mg/kg killing 3 of the 5 animals. The positive control chemical (DMBA) gave a higher percentage of CA (12.80%) than those of the solvent control and treated groups.
As summarized in Table 3 , statistically significant dose-response trend tests could be estimated for both SCE and CA results for all 4 epoxides. Thus, the genotoxicity of these compounds was clearly established in mice. Differences in these trend tests were used in an attempt to compare the genotoxic potency of the epoxides. For the SCE results, there were statistically significant differences between chemicals except between NPGE and TCPO. Therefore, the order of genotoxicity in SCE level based upon these trends could be listed as NGE > NPO > NPGE -~ TCPO. While the CA results were in general agreement with SCE, the decreased sensitivity of the CA data did not allow ranking of these results. That is, the CA results for NGE were significantly greater than those for NPGE and TCPO. In addition, NPO was also greater than NPGE, but significant differences were not established between the other pairs of compounds (Table 3) .
Among the in vivo studies of the genotoxicity of aliphatic epoxides listed in our introduction, only a few included bone marrow studies and thus permit direct comparison to this present investigation. Hogstedt et al. (1983) noted a statistically significant increase in the levels of micronuclei in erythroblasts and polychromatic erythrocytes in their study of the bone marrow cells of workers exposed to ethylene oxide as compared to a control group. Bootman et al. (1979) , after oral administration of propylene oxide in doses up to 2 × 500 mg/kg in mice, could not detect an increase in micronucleated polychromatic erythrocytes but did detect a significant increase following 2 i.p. injections at 300 mg/kg. In one study with styrene oxide, Fabry et al. (1978) could not induce an increase in rnicronuclei in the polychromatic erythrocytes in the bone marrow of mice following an i.p. injection of 250 mg/kg. In another study, Norppa et al. (1979) reported negative results for their SCE and CA tests following inhalation exposure of Chinese hamsters at levels up to 100 ppm for 4 days as well as at 25 ppm for 20 days. They also reported negative CA results at an i.p. dose of 500 mg/kg and positive SCE results in the cultured bone marrow cells from only 1 animal in 6 at this lethal dose. However, Loprieno et al. (1978) did establish a dose-response relationship for CA results in mice following oral administration of styrene oxide. Their CA values in terms of chromatid and chromosome types per cell were, at their highest oral doses (500 and 1000 mg/kg), less than our lowest doses i.p. for all the compounds in the present study.
Recently Walk et al. (1987) have reported increases in CA and SCE rates in bone marrow cells for both inhalation and i.p. administration of diepoxybutane to Chinese hamsters and mice. They established, as was also true for the interlaboratory results for styrene oxide, that the bone marrow cells of mice were more sensitive than those of Chinese hamsters for their aliphatic epoxide. The CA and SCE results reported by these investigators for diepoxybutane, with similar experimental conditions to those used in the present investigation, are much higher than the results for our epoxides. At least in part, this may be explained by the presence of 2 epoxide groups. The SCE and CA effects in the bone marrow of mice following i.p. injection of butadiene monoxide were also studied with conditions similar to ours (Sharief et al., 1986) . While their CA responses for 18 h following treatment were similar to our results for NPO and NGE up to 50 mg/kg for 24 h, their results at 100 mg/kg were much higher for butadiene monoxide as were the SCE results at all levels. The presence of the double bond in conjugation with the epoxide, especially with its potential for metabolic activation to a second epoxide, would appear to be a factor in the genotoxicity of butadiene monoxide.
Previously we have established the dose-mutagenicity relationships for NGE, NPO, NPGE, TCPO and related compounds in Salmonella using the Ames procedure (Neau et al., 1982; Djuric et al., 1986; Rosman et al., 1987 Rosman et al., , 1988 . Based upon these dose-response relationships a concentration of 0.25 ~mole/plate, which provided maximal variation among the 4 compounds of interest without toxicity to the bacteria, was selected for direct comparison of mutagenicity with Salmonella strain TA100. Concurrent comparisons were made with the same overnight culture to reduce day-today intralaboratory variations (Cheli et al., 1980) and to control fluctuations due to differences in bacterial growth rate (Salmeen and Durisin, 1981) . The results for this concurrent testing with both the plate incorporation and preincubation assays of Maron and Ames (1983) are given in Table 4 . Also included in this table is a comparison of the rates of alkylation of 4-(4-nitrobenzyl)pyridine at 37°C for 20 min by the previously described method (Hemminki and Falck, 1979; Nelis et al., 1982) .
Mutagenicity does not correlate with reactivity for the compounds listed in Table 4 . The lack of such correlation was expected from our previous mutagenicity studies where the extent of aromatic Mean revertants/plate+ S.D., where n = 6. b Mean revertants/plate_+S.D, from each of 2 preincubation tubes, where n = 3 for each tube. Absorbance after reaction with 4-(4-nitrobenzyl)pyridine at 37°C for 20 min, where n -6. unsaturation and/or resulting more planar structure of the naphthyl derivatives was a more important parameter for relative mutagenicity than chemical reactivity (Rosman et al., 1987 (Rosman et al., , 1988 . Nor do our measures of genotoxicity in the bone marrow of mice correlate to chemical reactivity, with TCPO, the least genotoxic epoxide, being the most chemically reactive. This is in spite of the fact that, with the exception of reactivity with thymidine, there was in general good correlation of adduct formation in vitro with nucleosides for a series of epoxides which included TCPO (Djuric et al., 1986 ). An important consideration in the lack of correlation of our in vivo genotoxicity in bone marrow cells to in vitro measures of the reactivity of the epoxides would be their biological half-lives. Norppa et al. (1981) have found that the high alkylation rate of TCPO in comparison to their other epoxides contrasts with the low capacity of TCPO to induce CA and SCE results in cultured human lymphocytes. They propose a greater rate of detoxication and present evidence for a shorter half-life for TCPO to explain this difference. Indeed, in our study of the detoxication of aliphatic epoxides, which included TCPO and NPGE, the rate of detoxication did depend upon chemical reactivity (Sinsheimer et al., 1987) . Therefore in the present study, it is postulated that TCPO with its much greater chemical reactivity has the shortest half-life and therefore its concentration in the bone marrow over the period of time necessary to produce CA and SCE results is reduced to the greatest extent. The contrast in relative mutagenicity for TCPO in Table 4 between the preincubation and plate versions of the Ames test has been observed before for other epoxide studies (Norppa et al., 1981; Djufic et al., 1986) . This might again be explained on the basis of the reactivity of TCPO leading to its deactivation. In the preincubation test, the epoxides interact directly with bacteria at an optimal portion of their growth phase and thus react with the buffer for a minimal period of time. However, with the plate test, the work of Barber et al. (1983) suggests that the mutagen must be present 4-16 h after plating. Therefore, TCPO would have more time for inactivation and with a more complex medium than in the preincubation procedure. The end result for this series of epoxides is that the order of mutagenicity in the plate version of the Ames procedure is a better predictor for our in vivo bone marrow results than would be the preincubation results.
It is of interest, however, in the present study that even with its greater rate of detoxication, TCPO produces CA and SCE results at the higher doses which are significantly greater than their negative controls. Also, in agreement with our in vitro results, naphthyl groups on the aliphatic epoxides enhanced in vivo genotoxicity. This study in establishing positive CA and SCE results in mice for NGE, NPO, NPGE and TCPO adds to the previously limited evidence for the in vivo genotoxicity of aliphatic epoxides.
